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Printable Soft Grippers with Integrated Bend Sensing for
Handling of Crops Handling delicate crops without damaging or bruising is a challenge facing the automation of tasks within the agri-food sector, which encourages the utilization of soft grippers that are inherently safe and passively compliant. In this paper we present a brief overview of the development of a printable soft gripper integrated with printable bend sensors. The softness of the gripper fingers allows delicate crops to be grasped gently, while the bend sensors are calibrated to measure bending and detect contact. This way the soft gripper not only benefits from the passive compliance of its soft fingers, but also demonstrates a sensor-guided approach for improved grasp control.
Soft pneumatic actuators have been utilized as grippers as they generate a bending motion analogous to grasping when pressurized [1] . Commonly soft grippers are made from stretchable silicone rubbers that are shaped using 3D printed molds following a multi-stage lamination and curing process [2] . This process is simple and inexpensive to implement, yet it is limited in terms of its accuracy and repeatability due to its manual nature. Thus, more automated approaches are being considered for a faster, more accurate and consistent production of soft robotic components [3] , [4] . Another key challenge for soft grippers, is the limited feedback and control over their grasping performance [5] . A sensor-guided soft gripper would be more reliable as it can detect contact with its targets and control the pneumatic supply accordingly, so that excessive bending that could damage delicate targets or result in unstable grasps can be avoided. In this work we present a customizable soft gripper with integrated bend sensing, which can be entirely printed using common 3D printers and commercially available material filaments (NinjaFlex and conductive PLA). The softness of the gripper fingers enables fruits and vegetables to be grasped gently, while the integrated bend sensors are calibrated to provide bending feedback and simple contact detection to avoid damage or bruising. By tuning the print settings of a fused filament fabrication process utilizing a dual extruder, flexible air-tight soft grippers and flexible resistive sensors were successfully printed (Fig. 1) . Bending the sensor causes a change in the overall resistance of the sensing tracks, which can be converted to a voltage output and calibrated against the bending angle. The sensor's response exhibits some drift as it is the case with other resistive sensors, yet it provides a low-cost solution that can easily customized and directly welded to the soft gripper fingers. This results in a printable soft gripper with integrated bend sensing that can be customized according to the application needs. An experiment was conducted to systematically test printed soft finger equipped with the strain sensors, in order to calibrate the sensor's feedback against the measured bending angle. Results of our previous work showed that simple empirical models can be derived to accurately describe the free-bending response of individual soft actuators based on the generated sensory feedback [6] . Hence, simple contact detection can be achieved by comparing the measured bending response to the previously modelled freebending response at the same input pressure. This is currently being extended for a soft gripper prototype to sense grasping different fruits and vegetables based on the combined sensory feedback from opposing fingers and the supplied pressure. Thus, the printable soft grippers with integrated bend sensing would benefit from the softness of its fingers to passively adapt to different delicate targets, while processing the additional sensory feedback to achieve a better controlled grasping operation.
